Nitric oxide (NO) is an intermediate of the respiratory pathway known as denitrification, and is a by-product of anaerobic nitrite respiration in the enteric Bacteria. Pathogens are also exposed to NO inside host phagocytes, and possibly in other host niches as well. In recent years it has become apparent that there are multiple regulatory systems in prokaryotes that mediate responses to NO exposure. Owing to its reactivity, NO also has the potential to perturb the activities of other regulatory proteins, which are not necessarily directly involved in the response to NO. This review describes the current state of understanding of regulatory systems that respond to NO. An emerging trend is the predominance of iron proteins among the known physiological NO sensors.
Introduction
Nitric oxide is a water-soluble free radical reactive gas that is now known to play a number of different roles in biological systems. As a free radical, nitric oxide is correctly depicted . NO; the more commonly used abbreviation NO will be employed in this review. NO is a reactive species with a short half-life in biological systems, especially in the presence of oxygen or oxygen radicals. This review will focus on the properties of regulatory proteins that respond to NO in bacterial systems. The complex chemistry of NO and its congeners (related species) will not be discussed in detail; interested readers are referred to two review collections for discussions of the behaviour of nitrogen radicals in biological systems (Cooper, 1999; Richter-Addo et al., 2002) .
The first firmly established biological role for NO was as an intermediate in the anaerobic respiratory pathway called denitrification. In denitrifying organisms, NO is a product of nitrite reduction by the copper or cytochrome cd 1 nitrite reductase, and is subsequently reduced to nitrous oxide by a quinol or cytochrome c-dependent NO reductase (Zumft, 1997; Watmough et al., 1999; de Vries & Schroder, 2002) . The enteric Bacteria, and others, reduce nitrite to ammonia, rather than NO, under anaerobic growth conditions, but there is good evidence to indicate that low concentrations of NO are made as a by-product of this metabolism (Ji & Hollocher, 1988 , 1989 Hutchings et al., 2000; Corker & Poole, 2003; Van Doorslaer et al., 2003) . Thus, in these organisms, NO is analogous to superoxide, in the sense that it is an endogenously generated by-product of a normal respiratory process. However, the question of how (and even whether) NO is toxic is much less well understood and agreed upon than is the case for superoxide. A study that showed no effect of NO on the viability of Escherichia coli (Brunelli et al., 1995) is sometimes cited as evidence that NO per se (as opposed to the products of reactions between NO and oxygen or oxygen radicals) is not toxic. By contrast, later studies have clearly shown deleterious effects of NO on the growth of wild-type cultures, in both the presence and the absence of oxygen, and it now seems clear that NO can be cytostatic, if not necessarily toxic Justino et al., 2005b; Richardson et al., 2006) . Here, the analogy with superoxide may be instructive. In a strain devoid of superoxide dismutase activity there are multiple auxotrophies, such that aerobic growth is not possible in minimal media, but can be restored by the addition of the appropriate amino acids and vitamins (Carlioz & Touati, 1986; Imlay, 2003) . The explanation is that superoxide inactivates a relatively small number of biosynthetic enzymes, which in some cases are dehydratases containing a type of [Fe-S] cluster that is especially sensitive to oxidative inactivation (Imlay, 2003) ; the same dehydratases can also be inactivated by NO (Woodmansee & Imlay, 2003) . So, it is possible that effects of NO are only manifest in media that do not contain the products of biosynthetic pathways that are sensitive to inactivation by NO, by whatever mechanism.
Deleterious effects of NO (whether requiring reaction with oxygen species or not) provide a physiological rationale for the expression of enzymes that reduce or oxidize NO to less toxic species (nitrate, ammonia and nitrous oxide), and regulatory proteins that respond to NO. These enzymes and regulators may be the evolutionary progenitors of those that are used by pathogens to resist the toxic effects of hostderived NO (see below).
In eukaryotic systems, NO is the product of arginine oxidation by one of several isoforms of NO synthase (Stuehr, 2004) . The major receptor for NO is the soluble guanylate synthase, a haem-containing NO sensor that upon activation cyclizes GTP to cyclic GMP (Cary et al., 2006) . NO made by the inducible NO synthase (iNOS) in phagocytes is deployed as a component of the innate immune response to pathogens (Fang, 2004) . Thus, pathogens that survive phagocyte killing may well require mechanisms to detect and detoxify NO (Stevanin et al., 2002; Fang, 2004) , and there is increasing evidence to support this idea. For example, the respiratory reduction of NO has been shown to be important for pathogenicity in Neisseria meningitidis and Brucella suis (Stevanin et al., 2005; Loisel-Meyer et al., 2006) . Metabolism of NO by the flavohaemoglobin Hmp is important for virulence in Yersinia pestis and Salmonella enterica (Stevanin et al., 2002; Bang et al., 2006; Sebbane et al., 2006) . Anaerobic biofilms of Pseudomonas aeruginosa actively denitrify, and NO reduction by the respiratory NO reductase is required for biofilm viability (Yoon et al., 2002) . NO metabolism may therefore be important for the pathogenesis of infection in the cystic fibrosis lung, where P. aeruginosa grows as a biofilm in an environment that is depleted for oxygen (Worlitzsch et al., 2002) . There is also evidence that plants synthesize NO in response to infection, and that plant pathogens are exposed to NO (Delledonne et al., 1998; Baek & Shapleigh, 2005) . NO evidently has roles to play in symbiotic interactions as well, although in no case is a good mechanistic understanding yet available, especially for the signalling pathways. For example, during colonization of the squid light organ by Vibrio fischeri, NO is made by host tissues and may help to exclude nonsymbiotic bacterial species (Davidson et al., 2004) . NO is made in plant root nodules, although no function in the symbiotic interaction with nitrogen-fixing bacteria has yet been described (Mathieu et al., 1998; Baudouin et al., 2006) . NO regulates biofilm formation in the ammonia-oxidizing organism Nitrosomonas europaea (Schmidt et al., 2004) , which may be indicative of a signalling function for NO in complex mixed-species communities. There are homologues of the eukaryotic NO synthases found in some prokaryotes; one reasonably well-characterized biological role for a prokaryotic NO synthase is to provide the substrate for nitration of a peptide phytotoxin (Kers et al., 2004) . There is also evidence that the synthesis of NO may protect some bacteria against oxidative stress (Gusarov & Nudler, 2005) .
It should be clear from the very brief discussion above that NO has multiple roles in prokaryotic and eukaryotic systems, and at the interface between pathogens and symbionts and their hosts. Thus, it is not surprising that among the prokaryotes there are numerous and diverse regulatory systems that mediate a response to NO. A recent study has used comparative genomics to reconstruct the regulatory networks that respond to NO and its congeners in numerous bacterial species . One conclusion of this detailed analysis was that regulatory genes and their targets are well conserved across large evolutionary distances, but that the networks that connect regulators and their targets are extremely flexible . The goal in this review is to focus on the biochemical and genetic evidence that implicates specific proteins in responding to NO. Inevitably, most information will be drawn from a small number of well-characterized model systems, especially the enteric Bacteria (Fig. 1 ) and the denitrifiers (Fig. 2) . This subject has been reviewed previously with a focus on regulators from the FNR/CRP family, and NorR (Zumft, 2002) . This review will provide an update, and include information about other regulators implicated in the response to NO (Table 1) . The order in which the regulators are presented has no particular significance, except to reflect approximately the historical sequence of significant discoveries.
Evidence that a regulator responds to NO directly, rather than some related molecule, or indirectly, can be difficult to generate, especially from in vivo experiments performed with organisms that can reduce nitrate and nitrite to NO, and perhaps other nitrogen radicals. A distinction should also be drawn between NO, and those reagents such as the S-nitrosothiols that cause a 'nitrosative stress' (Hausladen et al., 1996) by direct nitrosation of protein sulphydryl groups. Thus, NO and the S-nitrosothiols, such as S-nitrosoglutathione (GSNO) and S-nitrosocysteine, can have different effects on gene regulation. For example, S-nitrosocysteine induces expression of the E. coli hydroperoxidase I gene katG, whereas NO does not, and the suggested explanation is that S-nitrosocysteine directly nitrosates the transcription factor OxyR (Hausladen et al., 1996) . The potency of GSNO in studies of gene expression may also be influenced by the level of expression of the peptide permease that is required for the transport of the S-nitrosocysteinylglycine derivative of GSNO (De Groote et al., 1995) . Nitroprusside is another compound that has frequently been used experimentally; nitroprusside is an effective nitrosating agent that releases NO only indirectly, by nitrosation of a thiol and subsequent degradation of the nitrosothiol. In a side-by-side comparison, the transcriptional responses of Bacillus subtilis to NO and nitroprusside were shown to be substantially overlapping, but there was evidence for some distinct regulatory mechanisms (Moore et al., 2004) . In what follows where necessary, the reagents used in particular experiments will be specified. Cases will be identified where there is biochemical evidence to indicate that NO itself is the species that interacts with a particular protein. In general, the roles of the genes that are targets for regulation will not be considered in detail, except to make some observations that complement information in the available literature.
SoxR
The first reported case of a bacterial transcriptional regulator responding to NO was the SoxR protein of E. coli. SoxR contains a [2Fe-2S] cluster and is activated by a one electron oxidation of the 11 cluster to the [2Fe-2S] 21 state. The oxidant is presumed to be superoxide, as the SoxRS response is switched on most efficiently by conditions that favour the formation of superoxide in vivo (Pomposiello & Demple, 2001) . Activated SoxR switches on transcription of the soxS gene, encoding the regulator SoxS, which activates expression of members of the SoxRS regulon, many of which have clear roles in the response to oxidative stress. The oxidized cluster of SoxR is reduced in vivo by a membraneassociated NAD(P)H-dependent complex, allowing the system to return to its resting state in the absence of superoxide (Koo et al., 2003) .
SoxR-dependent activation of soxS transcription is also stimulated by NO, which can therefore induce members of the SoxRS regulon (Nunoshiba et al., 1993) . The magnitude of induction of four SoxS-regulated genes (including sodA and zwf) was rather low in these experiments, being in the range 2-4-fold, measured with lacZ reporter fusions (Nunoshiba et al., 1993) . In later experiments, induction by NO of the SoxRS-regulated endonuclease IV (encoded by nfo) and glucose-6-phosphate dehydrogenase (zwf) was again in the 2-4-fold range (measured as enzyme activities), whilst soxS transcription was induced 16-fold under the same conditions (Nunoshiba et al., 1995) . By contrast, reporter fusions to nfo and zwf are induced around 10-fold by the superoxide stress caused by treatment with paraquat (Tsaneva & Weiss, 1990) , implying that NO may not cause full induction of the SoxRS response. NO provided in the gas phase was an effective inducer in the absence of oxygen, suggesting that NO per se (rather than an oxidation (Arai et al., 1997) . Redox regulation of nitrite reductase expression in R. sphaeroides is mediated by the PrrAB two-component system (Laratta et al., 2002) . Further details and additional literature citations are given in the text. product) is the effector for SoxR (Nunoshiba et al., 1993 (Nunoshiba et al., , 1995 . The SoxRS-regulated glucose-6-phosphate dehydrogenase and ferredoxin-NADP(H) reductase may function to provide reductant for the repair of iron-sulphur clusters (Giro et al., 2006) . This is an activity which may be important in cells exposed to NO and so would provide a physiological rationale for NO activation of SoxR. A mechanistic explanation for the effect of NO on the SoxRS regulon was provided when it was demonstrated that direct nitrosylation of the [Fe-S] cluster of SoxR (which could be detected both in vivo and in vitro) activates purified SoxR (Ding & Demple, 2000) . The active nitrosylated species of SoxR contains dinitrosyl-iron-dithiol complexes, and is relatively stable in vitro, although apparently repaired or disassembled rapidly in vivo in the absence of NO (Ding & Demple, 2000) . Presumably there is an active repair process for nitrosylated SoxR, but its mechanism is not known. The nitrosylated [2Fe-2S] cluster of a ferredoxin can be repaired in vitro by the cysteine desulphurase IscS (Yang et al., 2002) . The SoxRS regulon protects E. coli against macrophage killing, and soxS transcription is induced in macrophages. The time course of killing and of gene expression, and the effect of an iNOS inhibitor suggested that NO (rather than superoxide) is the inducer of SoxRS in macrophages (Nunoshiba et al., 1995) . Several SoxRS-regulated activities (e.g. superoxide dismutase, endonuclease IV and glucose-6-phosphate dehydrogenase) were shown to be required for resistance to macrophage killing; those that have specific roles in mediating NO resistance remain to be clearly identified (Nunoshiba et al., 1993 (Nunoshiba et al., , 1995 . It is difficult in these macrophage experiments to distinguish direct effects of NO from indirect effects due to NO-derived species, such as peroxynitrite. In contrast to the case for E. coli, SoxS is not required for virulence in S. enterica infections of mice, or for macrophage survival, and the SoxRS regulon is not significantly activated in macrophages (Fang et al., 1997; Eriksson et al., 2003) .
Recent experiments using microarrays have suggested that SoxR and SoxS may play only a minor role in the physiological response to NO. The soxS gene was inducible by sources of NO in two experiments (Mukhopadhyay et al., 2004; Justino et al., 2005b) but not a third (Flatley et al., 2005) , and SoxS-regulated genes were absent in all cases, except for two SoxRS targets induced by GSNO or acidified nitrite (Mukhopadhyay et al., 2004) . The relative nonresponsiveness of the SoxRS regulon is reminiscent of the low induction ratios seen in early experiments (see above). The SoxS protein is subject to rapid turnover (Griffith et al., 2004) , such that a signal that activates soxS transcription may be insufficient to induce SoxS targets because SoxS fails to accumulate to the necessary threshold level. Alternatively, microarrays (where a two-fold cut-off is typically employed) may be insufficiently sensitive to detect subtle effects of NO on the SoxRS regulon. The induction of soxS in response to NO seems to be especially sensitive to the magnitude and duration of NO exposure (Nunoshiba et al., 1995) , which provides another possible explanation for the discrepancies between different experimental systems. On the other hand, induction of soxS transcription by SoxR, but not of SoxS targets, seems to be a general phenomenon, as it is also seen in cultures subjected to a transient oxidative stress (Partridge et al., 2006) .
For the reasons explained above, the contribution that the SoxRS system makes to the physiological response to NO in E. coli remains to be fully understood. One approach to this problem would be a systematic analysis of the phenotypes of strains with mutations in SoxRS-regulated genes, in terms of their ability to resist and detoxify NO. Because the nitrosylation of SoxR is an activating event, it cannot easily be discounted as an adventitious chemical artefact that has no physiological significance.
'Secondary' vs . 'dedicated' NO sensors
SoxR provides the prototypical example of what will be a recurring theme in this review, namely that its principal function is to sense another signal (in this case superoxide), but that NO can modulate its activity and so, potentially, influence expression of the target genes. The haem-based sensors of oxygen, NO and CO often show exquisite specificity towards their ligands, at least at the level of signal output, if not necessarily binding (Gilles-Gonzalez & Gonzalez, 2005) . Regulators with mechanisms based on nonhaem iron and other transition metal ions, or reactive cysteine residues, are in some cases less specific. The propensity of NO or its derivatives to react with metal ions and thiols means that it has the potential to perturb the activities of such regulators. In these cases, it is important to consider whether the effect of NO is physiologically significant. This can be a difficult issue, especially in cases where reactivity towards NO has only been tested in vitro, or in vivo with nonphysiological NO sources or concentrations. The regulators that were called dedicated NO sensors are those that mediate a physiological response to NO, detect NO as their primary or sole signal, and regulate the expression of genes with functions that can be rationalized in terms of a response to NO exposure. For example, all of the dedicated NO sensors discussed in this review have genes in their regulons that encode enzymes that use NO as a substrate.
FNR/CRP family members
The transcription factors FNR and CRP from E. coli are the founding members of a very large family of regulators that are strikingly diverse in terms of their signal recognition properties (Korner et al., 2003) . The family includes members that react with gaseous ligands, namely oxygen (FNR itself) and carbon monoxide (CooA). The first example of a dedicated NO sensor was an FNR/CRP family member identified by Shapleigh and colleagues, which activates transcription in response to NO in a denitrifying strain of Rhodobacter sphaeroides (Tosques et al., 1996) . This protein, designated NnrR, activates transcription of the nor genes encoding the respiratory NO reductase. More surprisingly, the gene encoding the nitrite reductase that forms NO is also a target for NnrR regulation (Tosques et al., 1996) . This coordinate regulation turns out to be a common theme in denitrifiers (Fig. 2) , and is usually rationalized as a mechanism to prevent the accumulation of NO to toxic levels. An in vitro assay of NnrR activity has not yet been developed (as is also the case for the subsequently identified orthologues), so there is no direct evidence that the protein interacts with NO specifically. However, there is strong circumstantial evidence to indicate that NO per se is the molecule that activates NnrR (Kwiatkowski & Shapleigh, 1996; Kwiatkowski et al., 1997) . Other FNR/CRP family members that are known or suspected to respond to NO have been described in other denitrifying organisms, specifically Paracoccus denitrificans, Pseudomonas stutzeri, P. aeruginosa and Bradyrhizobium japonicum (Arai et al., 1995; Van Spanning et al., 1995 , 1999 Hasegawa et al., 1998; Vollack & Zumft, 2001; Mesa et al., 2003) . As examples, the regulatory roles of NnrR (R. sphaeroides) and DNR (P. aeruginosa) are illustrated in Fig. 2 . In the cyanobacterium Synechocystis sp. PCC6803 a regulatory gene designated dnr is divergently transcribed from the norB gene encoding a NO reductase that has a role in NO resistance. In this case, there is no evidence for NOresponsive transcription, and the available evidence suggests that norB is constitutively expressed (Busch et al., 2002) .
The mechanism of NO sensing by regulators in this class has proved frustratingly elusive. Sequence alignments of NnrR/DNR-type regulators also provide almost no clues as to possible mechanisms. It has been reported briefly that the DnrD protein of P. stutzeri, when expressed in E. coli as a fusion to maltose binding protein, could be purified with a bound haem (Vollack & Zumft, 2001 ). However, the authors stated that a specific role could not be attributed to the haem, and so did not regard this observation as significant (Vollack & Zumft, 2001 ). There is some circumstantial evidence that the activity of the Pa. denitrificans NNR protein in an E. coli heterologous system requires haem, and that activity is sensitive to oxygen . If this turns out to be correct, then NNR will be mechanistically similar to its homologue CooA, which is a haem-based sensor of CO that is inactivated by oxygen (Roberts et al., 2005) .
The NnrR/DNR regulators cluster into two distinct clades in phylogenetic analyses, which may be indicative of two distinct classes of mechanism (Vollack et al., 1999; Korner et al., 2003) . Membership of the two groupings is correlated with the expression of either a copper or a cytochrome cd 1 -type nitrite reductase (Mesa et al., 2003) . Interestingly, the NnrA regulator of Brucella melitensis is required for intracellular resistance to NO and for full virulence in a mouse model (Haine et al., 2006) . Nitric oxide reductase activity is required for macrophage survival but not for virulence in mice, leading to the speculation that there are other NnrA-regulated genes that are required for full virulence (Haine et al., 2006) .
The FNR protein of E. coli regulates transcription during anaerobic growth, and contains a [4Fe-4S] cluster that reacts with oxygen to inactivate the protein (Green & Paget, 2004) . That this cluster might be also sensitive to NO was first suggested by the observation that the orthologous CydR protein of Azotobacter vinelandii is inactivated by NO in vitro (Wu et al., 2000) . The physiological significance, if any, of the reaction of CydR with NO was (and remains) uncertain. The E. coli FNR protein was subsequently implicated in contributing to NO regulation of the hmp promoter (Figs 1 and 3) . The hmp gene encodes the flavohaemoglobin, which has an established role in mediating resistance to NO, at least under aerobic conditions (Poole & Hughes, 2000; . The hmp promoter is one of the few that consistently responds to sources of NO and nitrosative stress in microarray experiments (Mukhopadhyay et al., 2004; Flatley et al., 2005; Justino et al., 2005b) . In an fnr mutant, the hmp promoter has a higher activity in cultures grown anaerobically in the absence of a source of NO, and in cultures respiring nitrate and nitrite, suggesting that FNR is a repressor of the hmp promoter (Poole et al., 1996) . Accordingly, there is an FNR binding site close to the -10 sequence of the hmp promoter, and FNR binds to this site in vitro (Cruz-Ramos et al., 2002) . NO modifies the [4Fe-4S] cluster of FNR in vitro to form a mixture of monomeric and dimeric di-nitrosyl-iron-dithiol complexes, and this preparation is less active for DNA binding. NO was also reported to influence the in vivo activities of model promoters repressed or activated by FNR (Cruz-Ramos et al., 2002) . These data point to a model in which NO modification of the [4Fe-4S] cluster inhibits FNR activity leading to derepression of the hmp promoter (CruzRamos et al., 2002) . The model predicts that NO should perturb the expression of other members of the FNR regulon under anaerobic growth conditions, an effect which is not apparent in microarray data for anaerobic cultures treated with GSNO (Flatley et al., 2005) . In anaerobic cultures treated with aqueous NO, there were some effects consistent with inactivation of FNR. For example the FNRrepressed ndh gene was sixfold up-regulated in these experiments (Justino et al., 2005b) . Regardless, regulation of the hmp promoter needs to be re-evaluated in the light of the discovery of NsrR (Fig. 3 , and see below).
Another FNR/CRP family member that mediates a response to NO is NssR of Campylobacter jejuni (Elvers et al., 2005) . The NssR regulon includes two genes encoding globin-like proteins, one of which has a role in NO detoxification (Elvers et al., 2005) . To date, these genes have only been shown to respond to GSNO, and so it is not known whether NssR is sensitive to NO per se. NssR clusters separately from NNR and DNR proteins in the wider FNR/ CRP family in sequence-based phylogenies, and so may have a distinct mechanism of signal sensing (Korner et al., 2003; Elvers et al., 2005) .
OxyR
OxyR is a transcriptional activator from the LysR family that was discovered for its role in the adaptive response to hydrogen peroxide in Salmonella typhimurium. Early studies suggested that the activation of OxyR requires oxidation of a single cysteine residue (Kullik et al., 1995) . Later biochemical and structural analysis instead suggested that the active form of OxyR contains an intramolecular disulphide bond that is reduced to inactivate the protein (Zheng et al., 1998; Choi et al., 2001 ). As mentioned above, it has also been shown that an OxyR-activated gene (katG, encoding hydroperoxidase I) can be switched on by exposure to S-nitrosocysteine (Hausladen et al., 1996) . Importantly, this effect was not seen with NO, or with nitrite in anaerobic cultures (Hausladen et al., 1996) . OxyR purified from cells exposed to S-nitrosocysteine contained 0.1-0.2 nitrosothiols per OxyR, and OxyR S-nitrosated in vitro activated transcription of katG (Hausladen et al., 1996) . Another study reported no effect of S-nitrosocysteine on OxyR in vivo and only a small effect in vitro (Zheng et al., 1998) . In later experiments, it has been claimed that a single key cysteine of OxyR can be nitrosated (by S-nitrosothiols), hydroxylated (by air or peroxide), glutathionylated and derivatized by avicins (plant-derived terpenoids), and that the different modifications have different regulatory consequences (Kim et al., 2002; Haridas et al., 2005) . This view is difficult to reconcile with that of OxyR as a simple on/off switch mediated by disulphide bond formation.
The issues surrounding the mechanism of OxyR have been extensively discussed in the recent literature (Cooper et al., 2002; Georgiou, 2002; Helmann, 2002; Paget & Buttner, 2003; Green & Paget, 2004; Poole et al., 2004) and will not be recapitulated here. Instead the question of whether or not OxyR mediates a physiologically significant response to NO will be briefly focused on. In fact, the claim that OxyR mediates a response to NO per se has never been made, and indeed it was shown early on that OxyR does not respond to NO (Hausladen et al., 1996) . This is consistent with array data (Justino et al., 2005b) , in which OxyR regulon members do not respond to aqueous NO (except for the suf operon, although this is subject to multiple regulatory mechanisms, such that the basis of the response to NO cannot be deduced in these experiments). Rather, the claim is that OxyR mediates a response to the nitrosative stress that is imposed by nitrosating agents such as S-nitrosocysteine and GSNO (Hausladen et al., 1996; Kim et al., 2002) . Two groups have examined the response of E. coli to GSNO in microarray experiments. In one case, exposure of aerobic or anaerobic continuous cultures to GSNO did not significantly alter expression of any OxyR regulon members (Flatley et al., 2005) . In another experiment, only three transcription units regulated by OxyR were greater than two-fold activated by GSNO, two of these (suf and fhu) are also regulated by ferric uptake regulator (Fur), and there was widespread derepression of the Fur regulon in these experiments; the third was the glutaredoxin gene grxA (Mukhopadhyay et al., 2004) . Assays of transcription by primer extension confirmed that grxA transcription responded to GSNO and acidified nitrite, and showed a weak OxyRdependent response for the ahpC gene, encoding the C subunit of alkyl hydroperoxide reductase (Mukhopadhyay et al., 2004) . The enteric AhpC also has peroxynitrite reductase activity and protects S. typhimurium against GSNO and acidified nitrite (Chen et al., 1998; Bryk et al., 2000) . Thus, AhpC may have a role in the physiological response to nitrogen radicals, especially in cells that are also exposed to oxygen radicals, and this may provide an example of a physiologically relevant OxyR-mediated response to nitrosative stress. On the basis of the array experiments, it was concluded that OxyR is a minor regulator of the response to GSNO and acidified nitrite, and may activate only a small subset of promoters from its regulon in response to nitrosative stress (Mukhopadhyay et al., 2004) . This view is at least partly compatible with the 'rheostat' model, in which different modifications of OxyR have distinct regulatory consequences (Kim et al., 2002) .
NorR
The discovery of the NorR protein of Ralstonia eutropha revealed that expression of respiratory NO reductases is not always regulated by NnrR/DNR type proteins ( Fig. 2 ; Pohlmann et al., 2000) . NorR is a tri-partite s 54 -dependent enhancer binding protein, which in Ral. eutropha activates transcription, in response to NO, of a two-gene operon (norAB) encoding the respiratory NO reductase NorB, and a protein designated NorA, of unknown function (Pohlmann et al., 2000) . NorR has a C-terminal DNA binding domain, and a central domain from the AAA1 family that is related to the central domains of well-characterized s 54 -dependent activators such as NtrC. The original description of NorR as belonging to the 'the NtrC family of response regulators' (Pohlmann et al., 2000) should not be taken to indicate that NorR is a response regulator, or that its activity is regulated in the same way as NtrC, i.e. by phosphorylation of an N-terminal domain. NorR does not have an N-terminal phospho-receiver domain, but rather a GAF domain (for cyclic GMP-regulated cyclic nucleotide phosphodiesterases, adenylyl cyclase and FhlA), which is widely distributed in signal transduction proteins (Aravind & Ponting, 1997; Martinez et al., 2002) . The suggestion that NorR might be phosphorylated by a cognate sensor kinase (Gardner et al., 2003) is not consistent with this domain organization. There is a homologue of NorR encoded in the E. coli genome, which was shown to activate the divergently transcribed norVW genes in response to NO, nitroprusside, GSNO or acidified nitrite. The NorR-activated norVW genes specify a flavorubredoxin and its redox partner that reduce NO to nitrous oxide at the expense of NADH (Gardner et al., , 2003 Gomes et al., 2002; Hutchings et al., 2002; da Costa et al., 2003; Mukhopadhyay et al., 2004) . There has been speculation that NorR is a haem-based sensor (Gardner, 2005) , 2005) . By the criteria outlined above, NorR clearly qualifies as a dedicated NO sensor in all organisms where it has been characterized.
In both E. coli and Ral. eutropha there are three NorR binding sites in the intergenic region between norR and its divergently transcribed target genes (Büsch et al., 2004; Tucker et al., 2004) , and bioinformatic analysis suggests that this is a common arrangement, with some exceptions . All three binding sites are required for activation of the target promoter (Büsch et al., 2004; Justino et al., 2005a) , and the mechanistic explanation is that each site must be occupied for activation, rather than that binding to the three sites is coupled (N. Tucker et al., unpublished observations). The suggestion that NorR forms a DNA-bound trimer on the three sites (Justino et al., 2005a) seems intuitively unlikely given that each site has dyad symmetry, and that other activators with central AAA1 domains are hexameric (Rappas et al., 2005) . The norVW promoter is the only one in the E. coli genome that has three NorR binding sites associated with a binding site for RNA polymerase containing s 54 (D. Studholme, personal communication). There are examples of s 54 -like promoters with single NorR sites upstream, but our preliminary evidence suggests that these are not targets for NorR regulation. The evidence from array experiments that there are multiple targets for NorR regulation (Mukhopadhyay et al., 2004) may therefore result from indirect effects of the norR mutation.
Fur and PerR
The Fur is a well-characterized transcriptional regulator that typically functions as an iron-dependent repressor to control the expression of genes involved in iron acquisition and utilization . In excess iron, Fur also positively regulates genes encoding polypeptides that contain iron, such that these proteins are expressed at lower levels when iron is limiting (McHugh et al., 2003) . These observations point to Fur mediating a physiologically significant response to NO, and in microarray experiments the Fur regulon shows major shifts in expression patterns after exposure to GSNO or acidified nitrite (Mukhopadhyay et al., 2004) . However, in other microarray experiments, the Fur regulon was much less sensitive or was insensitive to GSNO and NO (Flatley et al., 2005; Justino et al., 2005b) . The suggested explanation for this discrepancy is that 'rich' medium that does not contain iron-chelating agents is partially limited for iron, such that the Fur regulon is on the verge of activation (Flatley et al., 2005) . In this scenario, inactivation of Fur by NO treatment is sufficient to trigger the switch, such that regulon members are up-regulated. Conversely, minimal media containing added iron and chelating agents are fully iron replete, and under these conditions Fur is insensitive to NO in vivo (Flatley et al., 2005) . Thus, Fur may mediate a physiological response to NO only when cells are iron limited. That Fur might be a physiologically important NO sensor was suggested by the observation that Fur repression of hmp in S. enterica could be reversed by NO treatment (Crawford & Goldberg, 1998) . However, this report was recently retracted (Crawford & Goldberg, 2006) . More recent evidence suggests that Fur exerts 'modest' repression at the hmp promoters of both E. coli and S. enterica (Hernandez-Urzua et al., 2006) . However, the effect of the fur mutation was relatively small, and seen only with multiple copy reporter fusions (Hernandez-Urzua et al., 2006) , which may be prone to artefacts because of titration of the NsrR repressor (Bodenmiller & Spiro, 2006) . Measurements of hmp mRNA and of Hmp itself showed no evidence of Fur regulation (HernandezUrzua et al., 2006) , and there are no strongly predicted Fur binding sites in the hmp promoters of the two organisms. The hmp gene was not identified as a target for Fur regulation in expression profiling experiments (Bjarnason et al., 2003; McHugh et al., 2003) , so further experiments are required to confirm that Fur is a direct repressor of hmp.
In B. subtilis, treatment with NO causes derepression of the Fur regulon, in array experiments that were performed with cells grown in rich medium (Moore et al., 2004; Lee and Helmann, 2006) . PerR is a Fur homologue in B. subtilis that also contains iron when cells are grown under ironreplete conditions, and can be inactivated by NO (Moore et al., 2004) . Under conditions favouring incorporation of manganese into PerR, the regulon becomes insensitive to NO, indicating that only the iron form of the protein is NOresponsive (Moore et al., 2004) . In the B. subtilis transcriptome, the most highly induced gene was hmp (Moore et al., 2004) , which is also a target for regulation by ResDE and NsrR (see below). The Fur regulon is also derepressed by nitrosative stress in Staphylococcus aureus (Richardson et al., 2006) .
NsrR
There are some E. coli genes that can be induced by GSNO and acidified nitrite in norR, fur, soxRS and oxyR mutant backgrounds, suggesting that there are additional regulators of the response to NO (Mukhopadhyay et al., 2004) . This novel regulator was recently identified as the product of the nsrR (formerly yjeB) gene Bodenmiller & Spiro, 2006) . The targets for NsrR regulation include the hmp, ygbA and ytfE genes (Mukhopadhyay et al., 2004; Bodenmiller & Spiro, 2006) . The ytfE gene is a homologue of norA of Ral. eutropha and dnrN of P. stutzeri, genes that are activated by NO-responsive regulators but are of unknown function (Pohlmann et al., 2000; Vollack & Zumft, 2001 ). The ytfE homologue of S. enterica was identified in a screen for genes switched on by acidified nitrite (Kim et al., 2003) . The ytfE/norA/dnrN genes are frequently annotated in databases as having a role in cell morphogenesis. This is based on the observation that a mutation in the homologous scdA gene of S. aureus causes a morphological defect (Brunskill et al., 1997) . However, the possibility cannot be excluded that this phenotype results from a polar effect on the downstream lytSR genes that control autolysis; a lytS mutant also has a morphological defect (Brunskill & Bayles, 1996) . Accordingly, a ytfE mutant of E. coli does not have any morphological phenotype, but does show an increased sensitivity to NO (Justino et al., 2005b) . The basis for this sensitivity is not known, although YtfE has recently been shown to be a di-iron protein, and has a suggested role in the biogenesis of iron-sulphur clusters (Justino et al., 2006) .
The novel regulator of hmp, ygbA and ytfE expression was shown by bioinformatic and genetic approaches to be the product of the nsrR gene Bodenmiller & Spiro, 2006) . Bioinformatics also predicted that the hcp-hcr transcription unit belongs in the NsrR regulon , and we have confirmed this making use of a reporter fusion (N. Filenko et al., unpublished observations). The hcp-hcr genes encode the hybrid cluster (prismane) protein and its redox partner, which have been suggested to function in E. coli as a hydroxylamine reductase or as a peroxidase . Microarray analysis of the response of E. coli to nitrite under anaerobic conditions suggests that there may be other targets for NsrR regulation (Constantinidou et al., 2006) , and NsrR may be responsible for the residual nitrite regulation of the nrf (respiratory nitrite reductase) operon that can be detected in strains mutant for the narL and narP genes encoding the known nitrite sensors (Rabin & Stewart, 1993) . Indeed, it has been suggested that there is an additional factor mediating negative regulation of the nrfA promoter (Browning et al., 2002) . The respiratory nitrite reductase Nrf may also function as an NO reductase (Poock et al., 2002) , which provides a physiological rationale for NsrR regulation of the nrfA promoter. In unpublished work, we have used chromatin immunoprecipitation and microarray analysis (ChIP-on-chip) to identify NsrR binding sites in the E. coli genome. This has confirmed the presence of an NsrR binding site in the nrfA promoter region, and suggested that a significant number of other genes may be subject to regulation by NsrR. Regulation of the nrfA promoter has been demonstrated experimentally by analysis of an nrfA reporter fusion in an nsrR mutant (D. Browning et al., unpublished observations). Recently, NsrR was shown also to be a regulator of hmp in S. enterica and in B. subtilis (Bang et al., 2006; Nakano et al., 2006) , and of genes encoding respiratory nitrite and NO reductases in Neisseria gonorrhoeae . Thus, like NorR, NsrR in different organisms is a regulator of activities that contribute to NO detoxification, or of energy-conserving reactions involving NO (Figs 1 and 2) .
Is NsrR a sensor of NO or nitrite, or both? Presumed orthologues of NsrR have been characterized in other organisms and provide some clues. NsrR was first described as a nitrite-responsive regulator of the nirK gene encoding nitrite reductase in Nit. europaea (Beaumont et al., 2004) . NsrR sensitivity to nitrite was increased under acid conditions (Beaumont et al., 2004) , which is consistent with the possibility that NsrR is inactivated by the NO formed enzymatically from nitrite or by disproportionation. In R. capsulatus E1F1, nsrR is found in a cluster of genes involved in nitrate assimilation, including hcp (Cabello et al., 2004) . It was suggested that the hybrid cluster protein is required for hydroxylamine assimilation and/or detoxification in this organism, and that NsrR is a nitrite-sensitive repressor (Cabello et al., 2004) . There was no experimental evidence supporting the latter observation, and again it is possible that NO formed as a by-product of nitrate and nitrite reduction could be the effector for NsrR. In E. coli, NsrRcontrolled genes can be derepressed by nitrate and nitrite (under anaerobic conditions) and by aqueous NO (Bodenmiller & Spiro, 2006; Constantinidou et al., 2006) . In B. subtilis, an NsrR-regulated promoter is derepressed by a source of NO, an effect which is quenched by carboxy-PTIO. As nitrite is the product of the reaction of NO with carboxy-PTIO, this result argues that NO and not nitrite is the effector of NsrR (Nakano et al., 2006) . In Nei. gonorrhoeae, NO but not nitrite causes derepression of the NsrR-regulated norB promoter in a strain that cannot reduce nitrite to NO. Thus, it was argued that NO formed by nitrite reduction is the signal for NsrR in this system also . A biochemical assay of NsrR activity will be required to resolve this issue; in the meantime the data are consistent with NsrR interacting with NO formed as a by-product of nitrite respiration.
NsrR orthologues belong to the wider Rrf2 family of transcriptional repressors. The best characterized member of the family is the E. coli IscR protein, which contains a [2Fe-2S] cluster and regulates the expression of genes required for [Fe-S] cluster biogenesis, among others (Schwartz et al., 2001; Giel et al., 2006) . IscR can function as a transcriptional activator (Giel et al., 2006; Yeo et al., 2006) , and it will be interesting to determine if this is also true for NsrR. IscR has only three cysteine residues, which presumably provide three of the ligands to the [Fe-S] cluster. These cysteines are conserved in NsrR (with some variation in spacing) so it has been suggested that NsrR contains an [Fe-S] cluster (Cabello et al., 2004; Bodenmiller & Spiro, 2006) . The fact that NsrR-regulated genes can be derepressed by iron starvation is consistent with this possibility (Bodenmiller & Spiro, 2006) , and in other organisms, Rrf2 proteins mediate a response to iron starvation (Yeoman et al., 2004; Chao et al., 2005; Rudolph et al., 2006) . The IscR-repressed iscA and hscB genes are modestly up-regulated by aqueous NO (Justino et al., 2005b) , suggesting that the [Fe-S] cluster of IscR may be sensitive to NO, and therefore that IscR might be a secondary NO sensor. Bacillus subtilis NsrR purified under aerobic conditions was brown in colour and showed spectroscopic features characteristic of an [Fe-S] protein (Nakano et al., 2006) . The absorbance signals disappeared rapidly, presumably because the cluster is sensitive to oxygen. This protein preparation was active for DNA binding and transcriptional regulation, suggesting, paradoxically, that the cluster may not be required for these functions (Nakano et al., 2006) . Thus, the role of the cluster in NsrR remains to be established, but it is possible that the apo-form of NsrR has regulatory activities, and if so NsrR would be functionally similar to its homologue IscR (Giel et al., 2006; Yeo et al., 2006) .
Complex regulation of hmp
In the case of the E. coli hmp promoter, it is not clear at present how repression mediated by NsrR relates to previously reported regulatory mechanisms (Fig. 3) . The first of these involved the methionine repressor MetR, which regulates glyA expression, and binds to two sites in the glyAhmp intergenic region, either in a complex with its coeffector homocysteine (Hcy), or as the apo-protein. Nitrosation of Hcy by GSNO or nitroprusside potentially depletes the Hcy pool, and it was suggested that preferential binding of apo-MetR to the hmp-proximal binding site leads to activation (Membrillo-Hernandez et al., 1998) . The best evidence currently supporting this model is that activation of hmp by GSNO and nitroprusside is lost in a metR mutant (Membrillo-Hernandez et al., 1998) . Activation of hmp by apoMetR has not been demonstrated in vitro, nor have the effects of mutations in the MetR binding site been tested. Nitrosation of Hcy was also proposed to account for the upregulation of methionine biosynthesis genes in chemostat cultures exposed to GSNO (Flatley et al., 2005) . Inactivation of methionine synthase (MetE) by derivatization of a key reactive cysteine residue (Hondorp & Matthews, 2004) may also be a factor in these experiments. This MetR-dependent mechanism for hmp regulation has not been shown to operate for authentic NO (which probably nitrosates Hcy less efficiently than GSNO), and methionine biosynthesis genes show no response to NO in anaerobic cultures (Justino et al., 2005b) . It should be noted that an independent study has reported no role for MetR in regulating hmp expression (Mukhopadhyay et al., 2004) .
A proposed mechanism for hmp regulation involving FNR was mentioned above, and was first suggested by the observation that the hmp promoter is derepressed in an fnr mutant (Poole et al., 1996) . We have found that NsrR is partially inactive in an fnr mutant, so that there are indirect effects of FNR at NsrR-repressed promoters, including hmp and ytfE (D. Bodenmiller and S. Spiro, unpublished observations) . Thus, the apparent negative regulation of ytfE by FNR (Justino et al., 2006) can also be explained by an indirect effect. The basis of the FNR effect on NsrR activity is not known, but we have shown that it is not at the level of nsrR expression. Partial inactivation of NsrR in an fnr mutant can be seen in some array data sets (Constantinidou et al., 2006) but not others (Kang et al., 2005) , a difference that we have shown to be due to choice of growth medium. The consequence is that derepression of the hmp promoter in an fnr mutant can, at least in part, be explained by an indirect effect acting through NsrR. There is a good FNR binding site in the hmp promoter that can be bound by FNR in vitro, and the dinitrosyl form of purified FNR is inactive for binding (Cruz-Ramos et al., 2002) . This FNR site fully overlaps the likely NsrR binding site ( Fig. 3 ; Bodenmiller & Spiro, 2006) , and it is not known whether both proteins can bind to the hmp promoter simultaneously. Treatment with NO causes derepression of the hmp promoter in vivo (Poole et al., 1996) , although the relative roles of FNR and NsrR are impossible to discern in this experiment. More importantly, NO clearly has effects in vivo on model promoters that are positively or negatively regulated by FNR (Cruz-Ramos et al., 2002) . On the other hand, NO seems to have only limited effects on the wider FNR regulon (Justino et al., 2005b) , and hmp is not significantly derepressed in an fnr mutant grown in medium that masks the indirect effect of NsrR (Kang et al., 2005) . Clearly more experiments are required to determine the relative importance of NsrR and FNR in regulation of the hmp gene. For example, binding of FNR to the hmp promoter in vivo could be probed by chromatin immunoprecipitation; we know from ChIP-onchip data that the NsrR binding site is occupied in vivo.
ResE
The ResDE proteins of B. subtilis comprise a two-component system (histidine kinase, ResE, and response regulator, ResD) that activate transcription of genes required for nitrate respiration in response to oxygen limitation, and a number of other genes (Ye et al., 2000) . ResDE-dependent genes, including the gene encoding flavohaemoglobin (Fig.  3) , are also activated in response to NO (Nakano, 2002) . Early experiments suggested that the ResE was responsible for the NO effect, and that the cytoplasmic PAS domain (rather than a large extracytoplasmic loop) of ResE was implicated in both oxygen and NO sensing (Nakano, 2002; Baruah et al., 2004) . Interestingly, a ResDE-independent mechanism for activation of the flavohaemoglobin gene was also observed (Nakano, 2002) . There is an NsrR homologue encoded in the B. subtilis genome, and a predicted NsrR binding site in the promoter of the flavohaemoglobin gene ( Fig. 3 ; . Recently, NsrR-mediated repression of hmp in B. subtilis was confirmed, which accounts for the ResDE-independent regulation seen in earlier experiments (Nakano et al., 2006) . Three ResDEregulated promoters are largely insensitive to NO in an nsrR mutant (Nakano et al., 2006) . Current evidence suggests that ResDE activate transcription in response to low oxygen and that most, or all, NO regulation is mediated by NsrR. Hence, the B. subtilis ResE should probably not be regarded as a direct physiological regulator of a response to NO. In S. aureus, activation of hmp expression by NO is partially dependent on ResDE homologues, SrrAB (Richardson et al., 2006) . There is an NsrR homologue encoded in the S. aureus genome that may be responsible for the SrrAB-independent regulation of hmp by NO (Richardson et al., 2006) . As in the case of B. subtilis, it is possible that SsrAB are required to activate hmp, and that most NO regulation is through the repressor NsrR.
DosS
In Mycobacterium tuberculosis, hypoxia alters the level of expression of a number of genes, and signals entry into a dormant state. DosR (also called DevR) is a response regulator that controls the expression of a regulon of at least 50 genes that respond to anoxia. DosR can be phosphorylated by two histidine kinases, DosS and DosT (DevS and DevT), both of which respond to low oxygen, and which have additive effects at a model DosR-regulated promoter (Roberts et al., 2004) . Nitric oxide is an important component of the host defence against M. tuberculosis. There is significant overlap between the transcriptional responses to NO and to hypoxia, and good evidence to indicate that the DosRST system is also involved in mediating the response to NO (Ohno et al., 2003; Voskuil et al., 2003; Kendall et al., 2004) . Most DosR-regulated genes are induced in activated macrophages in an NO synthase-dependent manner . DosS and DosT are paralogues, and each contains two N-terminal GAF domains. One of the two GAF domains of DosS binds haem in vivo, when the protein is expressed heterologously in E. coli (Sardiwal et al., 2005) . Induction of the DosRST regulon by hypoxia or NO is inhibited by cyanide, which is consistent with a haem-based sensing mechanism . Ligand binding experiments with DosS have not yet been reported. The currently available data have been interpreted in terms of a model in which the histidine kinase activity of DosS is inhibited by oxygen (Sardiwal et al., 2005) . It is proposed that NO, present at high concentrations during the inflammatory response, displaces oxygen from the haem, but is a poor inhibitor of the histidine kinase activity, thus explaining how NO can induce the DosR regulon (Sardiwal et al., 2005) . However, the relative contributions of DosS and DosT to NO signalling are not known, and it is possible that one or other is exclusively responsible for mediating the response to NO. According to one array study, the DosRST regulon includes the glbN gene that encodes a truncated haemoglobin, which oxidizes NO to nitrate and has a clear role in NO detoxification (Ouellet et al., 2002; Pathania et al., 2002; Kendall et al., 2004) . Thus, the DosRST system probably mediates a physiologically relevant response to NO.
HNOB/H-NOX proteins
In eukaryotes, the major receptor for NO is the soluble guanylate cyclase, sGC, which is now thought to have both haem and nonhaem binding sites for NO (Cary et al., 2006) . A bioinformatic study showed that domains similar to the haem-containing domain of sGC are encoded in prokaryotic genomes (Iyer et al., 2003) . HNOB (heme NO binding) domains detected in this analysis share a conserved histidine that was proposed to provide an axial ligand to the haem. HNOB domains were found in several lineages, either fused to the methyl-accepting domains of chemotaxis receptors (in anaerobes), or as 'standalone' proteins (in facultative aerobes). The standalone proteins are encoded in operons that include genes encoding signal transduction proteins (Iyer et al., 2003) . An HNOB domain encoded in a Vibrio cholerae operon that includes a histidine kinase gene was shown to be a haem-containing protein with NO-binding properties similar to those of sGC (Karow et al., 2004) . In Clostridium botulinum, an HNOB domain is fused to a methyl-accepting chemotaxis protein, contains haem and binds NO with extremely high affinity (Nioche et al., 2004) . By contrast, the domain that is fused to a chemotaxis protein in Thermoanaerobacter tencongensis binds both oxygen and NO, so it was proposed that the domain should be named H-NOX, for heme NO/oxygen binding (Karow et al., 2004) . For all of these proteins, although ligand binding has been demonstrated, there is no direct evidence for the regulatory significance of the binding event, in other words a signal output has not been shown. There is currently no good evidence for the biological function of the proteins containing H-NOX domains, except that which can be predicted from sequence similarity and gene context (e.g. no mutant phenotypes have been described). In contrast to the other proteins discussed in this review, gene context information suggests that H-NOX domains may be involved in behavioural (tactic) as well as transcriptional responses.
Evidence for other NO-responsive regulators, and speculation DtxR is an iron-dependent repressor of toxin expression in Corynebacterium diphtheriae (Tao et al., 1994) . Consequently, expression of the toxin is switched on by iron limitation, a situation that the pathogen encounters inside the host environment. A brief report suggests that DtxR-mediated repression can be reversed by exposure to NO (Marletta & Spiering, 2003) , although the supporting evidence has not been published. The implication is that toxin expression could be switched on by NO, an intriguing possibility that might make sense in the context of the host-pathogen interaction. DtxR and its homologues in other organisms control large regulons (e.g. Wennerhold & Bott, 2006) , such that NO has the potential to perturb gene expression on a wide scale by inactivation of DtxR.
In E. coli, exposure to NO or sources of nitrosative stress consistently causes up-regulation of the nrdH and nrdI genes (Mukhopadhyay et al., 2004; Flatley et al., 2005; Justino et al., 2005b) . These genes are immediately upstream of, and in an operon with, nrdE and nrdF, which encode the subunits of a Class 1b ribonucleotide reductase (MonjeCasas et al., 2001) . NrdH is a glutaredoxin-like protein which provides reductant to the NrdEF enzyme (Gon et al., 2006) . The nrdHIEF operon is also induced by superoxide and peroxide, by a mechanism that is independent of OxyR and SoxRS (Monje-Casas et al., 2001) . The regulator that mediates NO-responsiveness of the nrdHIEF promoter has not been identified. The nrdH promoter is subject to modest regulation by Fur (McHugh et al., 2003) . It seems unlikely that this provides the sole mechanism for regulation by NO, given that the effect of Fur is small, and nrdH does not share an expression pattern (in response to NO and GSNO) with other Fur regulon members in the microarray data. A bioinformatic analysis has implicated NrdR (encoded by ybaD) as a repressor of nrdHIEF in E. coli . The homologous NrdR protein from Streptomyces coelicolor has been characterized, and shown to be a transcriptional regulator that contains zinc and binds ATP and dATP (Grinberg et al., 2006) . The fact that NO mobilizes zinc from proteins that interact with DNA (Schapiro et al., 2003) suggests a possible mechanism for the inactivation of NrdR by NO and the consequent up-regulation of nrdHI.
Another zinc-dependent regulator that may be NOresponsive is NmlR of Nei. gonorrhoeae (Kidd et al., 2005; Seib et al., 2006) . NmlR regulates the expression of a GSNO reductase, which is potentially important for removing the product of the in vivo reaction between NO and glutathione. NmlR is a MerR family member with four essential cysteine residues, and requires zinc to function as a repressor (Kidd et al., 2005) . Regulation of NmlR activity by NO has not yet been described, but an nmlR mutant is reported to be more sensitive to NO than its parent (Seib et al., 2006) .
CooA is an FNR/CRP family member that uses a haembased mechanism to sense CO (Roberts et al., 2005) . A CooA homologue from Carboxydothermus hydrogenoformans binds NO in vitro, and the NO-bound protein is competent for DNA binding, although it is suggested that this protein does not function as a physiological NO sensor (Clark et al., 2006) .
The citric acid cycle enzyme aconitase contains an unstable [4Fe-4S] cluster that is easily lost under conditions of iron starvation or oxidative stress. In both eukaryotes and prokaryotes, the apo-form of aconitase functions as a posttranscriptional regulator of gene expression by binding to specific mRNAs. In eukaryotes, Iron Response Protein 1 (IRP1) is a cytosolic aconitase when it contains a [4Fe-4S] cluster, but in the apo-form is a regulator of genes involved in iron metabolism. Regulation involves interaction with specific sequences in mRNA (iron response elements, IREs), which can lead either to inhibition of translation or to message stabilization, depending on the location of the IRE. NO promotes disassembly of the [4Fe-4S] cluster of aconitase (IRP1) in vitro, and so increases IRP1 activity in vivo (Bouton & Drapier, 2003) . In both E. coli and B. subtilis, aconitases are similarly bifunctional proteins that act as posttranscriptional regulators when in the apo-form (Green & Paget, 2004) . Of the two E. coli aconitases, AcnB is the major citric acid cycle enzyme, and is also the more sensitive to cluster damage, and is therefore probably a more significant regulator (Tang et al., 2002; Green & Paget, 2004) . For example, AcnB dramatically destabilizes the mRNA of the superoxide dismutase gene sodA, implying a role for aconitase in the oxidative stress response (Tang et al., 2002) . It is well established that NO inactivates E. coli aconitase, although the relative sensitivities of AcnA and AcnB are not known (Gardner et al., 1997) . It is tempting to speculate that the bacterial aconitase might, like its eukaryotic counterpart (Bouton & Drapier, 2003) , function as an NO sensor, with the regulatory output occurring at the posttranscriptional level.
Concluding remarks
Among the dedicated NO sensors discussed in this review, it seems that mechanisms based on iron predominate (Table  1) . Thus, the proteins with well-characterized biological roles exploit nonhaem iron (NorR), [Fe-S] clusters (probably, for NsrR) and haem (possibly, for NNR). Even among the regulators with secondary sensing roles (SoxR, FNR, Fur, PerR) and those with less well-defined roles (DosS, H-NOX proteins) mechanisms based on iron are the norm (Table 1) . OxyR is currently the only well-established exception to this trend, and, as discussed above, OxyR is probably not involved in responding to NO per se. There are also some tantalizing hints that zinc proteins may play important roles as NO sensors. Response mechanisms to NO in bacteria probably have their evolutionary roots in anaerobic metabolism, because of the role that NO plays as an intermediate in denitrification and as a by-product of nitrite respiration. Because direct S-nitrosation by NO requires oxidizing conditions (molecular oxygen or metal ions), a thiol-based sensing mechanism may not be optimal for detecting NO in the absence of oxygen. In the future, we can look forward to learning more about the detailed biochemical mechanisms of the NO-responsive regulators, and the roles of the genes that they control. It has recently been shown that NsrR of Neisseria meningitidis is an NO-sensitive repressor of the norB gene encoding NO reductase. In contrast to the situation in N. gonorrhoeae , NsrR-mediated repression of the N. meningitidis nitrite reductase gene (aniA) is not relieved by NO (Rock et al., 2007) . Nitric oxide stimulates motility and biofilm dispersal in Pseudomonas aeruginosa, though the regulatory mechanisms involved are not known (Barraud et al., 2006) . In Sinorhizobium meliloti, NnrR is an NO-dependent activator of denitrification genes, and of a gene expressed under microaerobic conditions. It is suggested that NO might function as a signal of hypoxia (de Bruijn et al., 2006) .
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